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conservation	 of	 biodiversity	 on	 farmland	 (Albrecht,	 Cambecèdes,	
Lang,	&	Wagner,	2016,	Fried,	Petit,	Dessaint,	&	Reboud,	2009)	and	
reconcile	 the	 trade‐off	 between	 biodiversity	 and	 agricultural	 pro-
ductivity	(the	increase	in	plant	diversity	observed	on	organic	farms	
is	 largely	made	up	of	species	found	in	the	cropped	areas;	Fuller	et	
al.,	 2005).	 A	 diverse,	 abundant,	 naturally	 regenerated	 arable	 flora	
has	 been	 demonstrated	 to	 make	 a	 disproportionate	 contribution	






















agricultural	 landscapes	 (Bretagnolle	&	Gaba,	2015;	Marshall	 et	 al.,	
2003;	 Storkey	&	Westbury,	 2007).	Conservation	 headlands	 (areas	
of	crop	at	the	edge	of	the	field	with	reduced	fertiliser	and	herbicide	





effects	 augment	diversity	within	mosaic	 landscapes	due	 to	 immi-
gration	from	adjacent	habitats	 (Kunin,	1998).	Under	this	hypothe-
sis,	 field	 edges	 receive	 the	 same	management	 as	 the	 field	 centre	
but	are	biotically	linked	to	the	neighbouring	habitat	and,	therefore,	




cropped	area	and	 the	 semi‐natural	 field	boundary	vegetation,	we	
might	expect	that	such	spatial	mass	effects	make	a	significant	con-









crop	 production	 and	 the	 conservation	 of	 farmland	 biodiversity	 in	
conventionally	managed	fields.	Previous	studies	reporting	the	effect	
of	the	landscape	on	plant	species	richness,	have	focussed	on	large‐




&	Ghersa,	 2010;	 Roschewitz,	 Gabriel,	 Tscharntke,	 &	 Thies,	 2005).	
Heterogeneous	landscapes	are	composed	of	diverse	habitat	mosaics	




from	 these	 surrounding	 habitats.	 In	 contrast,	 other	 studies	 have	
failed	to	detect	a	significant	relationship	between	landscape	hetero-
geneity	 and	weed	 species	 richness	 (Alignier	 et	 al.,	 2017;	Bohan	&	
Haughton,	2012;	Marshall,	West,	Kleijn,	2006).
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crops	 that	 represent	 the	most	extensive	survey	of	biological	com-





develop	models	 of	 weed	 diversity	 and	 abundance	 that	 use	 previ-
ously	unreported	data	on	the	field	boundary,	margin	(an	established	
strip	between	the	boundary	and	field	edge),	and	habitat	immediately	
neighbouring	 each	 field	 in	 the	 FSE.	 We	 contend	 that	 field‐scale	


























2  | MATERIAL S AND METHODS
2.1 | FSE dataset
We	used	 data	 collected	 as	 part	 of	 the	 FSE	 study	 of	GMHT	 crops	
(Firbank	et	al.,	2003).	The	study	covered	296	fields	growing	either	
sugar	beet,	maize,	winter	or	spring	oilseed	rape	(OSR)	and	ran	from	
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2000	to	2002.	Each	field	was	split	into	two	halves,	a	GMHT	half	and	
a	conventionally	cropped	half.	A	wide	range	of	metrics	of	agricultural	
biodiversity	were	 collected	 (Firbank	 et	 al.,	 2003).	 The	 fields	were	
spread	widely	across	the	 lowlands	of	eastern	and	southern	Britain	
(see	Figure	S1a)	and	were	broadly	representative	of	contemporary	
agriculture	 (Champion	 et	 al.,	 2003).	 Herbicide	 treatment	 was	 not	



















2.3 | In‐field and landscape factors








able	 ‘adjacent	environment’	with	 categories	 including	bare	ground	
(ploughed	field	or	urban),	crop,	managed	grassland,	natural	grassland	





















quencies	 within	 the	 habitat	 of	 interest	 (arable	 fields)	 compared	
to	other	habitats	 (Equation	1,	Chytrý,	Tichý,	Holt,	&	Botta‐Dukát,	
2002).	Fidelity	scores	range	from	−1	to	+1	with	positive	(negative)	
values	 indicating	 that	 the	 species	 and	 the	 habitat	 of	 interest	 co‐























where	 i	 is	 the	number	of	species	present	 in	 the	quadrat,	pi	 the	pro-
portion	of	the	total	number	of	individuals	in	the	quadrat	made	up	by	





















give	 5%	 crop	 yield	 loss	 in	wheat,	with	 a	 lower value	 indicating	 in-
creased	competitiveness.	While	the	absolute	value	of	the	index	will	
be	specific	 to	a	given	crop,	and	will	also	depend	on	 local	environ-
ment,	weather	 and	management,	 it	 is	 nevertheless	 a	 useful	 quan-
titative	measure	of	relative	competitiveness.	For	the	25	species	for	





























We	 considered	 the	 following	 terms	 in	 the	 fixed	 effects	model:	 dis-
tance	 from	 field	 edge	 (natural	 logarithms),	 adjacent	 environment,	
adjacent	boundary,	the	presence	of	a	margin	and	its	width,	soil	type,	
field	 size,	and	crop	 type.	We	also	 included	 the	 interaction	between	
each	landscape	and	in‐field	factor	with	distance	from	the	field	edge.	
Due	 to	 high	 levels	 of	 imbalance	 between	 higher	 order	 factor	 level	
combinations,	 in	 particular	 the	 presence	 of	 combinations	with	 zero	
counts	(11	out	of	157,	see	Table	S1),	higher	order	terms	were	not	con-
sidered	in	the	model.	Models	were	fitted	using	the	method	of	Schall	










3.1 | Weed diversity and abundance















TA B L E  1  Summary	statistics	of	diversity	and	abundance	at	the	quadrat	level	across	all	three	weed	datasets
Diversity metric Dataset
Number of 
quadrats Mean Median Min Max Lower quartile Upper quartile Variance Skew
Species	richness	 Pre‐herbicide 7,407 2.773 2 1 16 1 4 3.387 1.419
Post‐herbicide	 6,886 2.467 2 0 17 1 3 2.346 1.436
Winter	wheat 3,443 2.896 2 1 15 1 4 4.458 1.639
Abundance	 Pre‐herbicide 7,407 14.33 6 1 491 2 16 639.4 6.376
Post‐herbicide	 6,886 8.056 5 0 214 2 10 115.9 4.651
Winter	wheat 3,443 15.64 7 1 459 3 18 643.6 5.4
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Species name Fidelity score Fidelity ranking
Grimes’ eco‐
logical strategy
Viola arvensis 0.560 1 R
Chenopodium album 0.555 2 CR
Sonchus sp. 0.513 3 R/CRa
Matricaria sp. 0.501 4 Rb
Fallopia convolvulus 0.498 5 R/CR
Capsella bursa‐pastoris 0.492 6 R
Veronica persica 0.489 7 R
Lamium purpureum 0.452 8 R
Urtica urens 0.434 9 R/CR
Persicaria maculosa 0.402 10 R/CR
Cerastium fontanum −0.043 172 R/CSR
Plantago lanceolata −0.044 173 CSR
Fraxinus excelsior −0.045 174 C/SC
Anthriscus sylvestris −0.046 175 C/CR
Urtica dioica −0.058 176 C
Festuca rubra −0.066 177 CSR
Agrostis stolonifera −0.071 178 CR
Dactylis glomerata −0.072 179 C/CSR
Rubus fruticosus −0.088 180 SC
Holcus lanatus −0.088 181 CSR
aStrategy	for	Sonchus oleraceus.
bStrategy	for	Matricaria perforata	(Merat).


































3.4 | Generalised linear mixed effects models
3.4.1 | Diversity and abundance
In	all	three	datasets,	there	was	a	consistent	effect	of	distance	into	the	
field	on	species	richness	 (Table	3).	 In	all	cases,	 this	represented	an	 in-
creased	species	richness	at	the	edge	of	the	field	with	lower	species	rich-


















effect	 of	 the	 crop	 type	 was	 observed	 indicating	 the	 importance	
of	 herbicide	 selectivity;	OSR	 crops	 supported	 the	 largest	 number	





































































































































































































































































































































































































































































































































































































































































8  |    Journal of Applied Ecology METCALFE ET AL.
Across	all	 three	datasets	many	 terms	were	 selected	as	being	
important	 in	determining	overall	weed	abundance	 (Table	3)	 indi-
cating	 the	 importance	 of	 both	management	 (crop	 type)	 and	 en-
vironment	(soil	type)	as	well	as	other	landscape	factors	(adjacent	
environment,	adjacent	boundary,	margin	presence	and	width).	 In	
both	 the	 pre‐	 and	 post‐herbicide	 counts,	 weed	 abundance	 dif-
fered	 significantly	 according	 to	 crop	 type	with	more	 individuals	
counted	in	OSR	crops	(Figure	4).	Both	before	and	after	herbicide	
application,	 fields	 adjacent	 to	bare	 ground	had	 the	 lowest	weed	
abundance	and	fields	next	 to	grassland	the	highest	 (Figure	4).	 In	
winter	wheat,	 abundance	was	particularly	high	 at	 the	 field	 edge	
in	 fields	adjacent	to	grassland	 (Figure	S7).	Weed	abundance	also	
significantly	 varied	 with	 different	 boundary	 types	 although	 the	
response	was	 not	 consistent	 across	 all	 three	 datasets	 (Figure	 4,	
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Figure	S7).	Fields	adjacent	to	roads	or	farm	tracks	had	the	greatest	






























Our	results	confirm	the	 importance	of	the	 immediate	 landscape	in	
influencing	 the	 increased	weed	diversity	and	abundance	observed	
at	field	edges.	This	provides	evidence	for	the	hypothesis	that	spatial	
mass	effects	 contribute	 significantly	 to	 in‐field	plant	diversity	and	
abundance	and	that	weed	communities	are	composed	of	both	resi-
dent	weed	communities,	replenished	by	the	in‐field	seed	bank	and	














lands.	 This	 is	 indicative	 of	 grassland	 species	 having	 high	 potential	





































F I G U R E  4  (Continued)





ence	of	 field	margins	can	 lead	to	 increased	abundance	 in	 the	field	







species	 richness,	 supports	 our	 third	 hypothesis	 and	 demonstrates	
how	the	application	of	herbicide	 is	effective	 in	removing	transient	
species	 (rare	 weeds	 and	 species	 ingressing	 from	 other	 habitats;	
Gaba,	 Gabriel,	 Chadœuf,	 Bonneu,	 &	 Bretagnolle,	 2016).	 However,	
(a) Pre-herbicide
F I G U R E  5   	Predicted	CWM	fidelity	score	from	a	GLMM	on	(a)	the	pre‐herbicide	dataset	and	(b)	post‐herbicide	dataset.	Model	terms	
are	shown	in	Table	3.	Predictions	are	classified	by	natural	logarithms	of	distance	into	field	and	all	main	effects	included	in	the	final	model.	
Predictions	are	averaged	over	all	levels	of	other	terms	included	in	the	model.	Error	bar	shows	the	approximate	average	SE	of	difference
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resident	weed	species	that	are	present	in	high	numbers	in	the	centre	
of	 fields	 can	 persist	 post‐herbicide	 application	 owing	 to	 buffering	












from	our	dataset	or	any	 rare	weeds	 (on	 the	UK	Biodiversity	Action	















The	 common	 weed	 flora	 has	 an	 important	 role	 in	 support-
ing	 farmland	 biodiversity	 (Bretagnolle	 &	 Gaba,	 2015;	Marshall	
et	 al.,	 2003)	 and	 ruderal	 species	 have	 been	 shown	 to	 dispro-
portionately	 provide	 resources	 for	 phytophagous	 insects	 as	
well	as	providing	chick	food	(Storkey	et	al.,	2013).	The	seeds	of	
many	 ruderal	 species	 are	 also	 an	 important	 component	 in	 the	
diet	of	farmland	birds	(Eraud	et	al.,	2015;	Gaba,	Collas,	Powolny,	
Bretagnolle,	 &	 Bretagnolle,	 2014).	 Perennial	 field	margins	 pro-
vide	a	habitat	to	support	farmland	biodiversity	which	may	offset	
the	 habitats	 being	 lost	 through	 the	 conversion	 of	 semi‐natural	
grasslands.	 However,	 these	 margins	 do	 not	 provide	 an	 oppor-
tunity	for	ruderal	species,	which	require	areas	of	natural	regen-





servation	 headlands’	 are	 maintained	 on	 conventionally	 man-













F I G U R E  5  (Continued)
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be	considered	when	deciding	on	 their	arrangement	 in	 the	 farm	
landscape	and	subsequent	management.
ACKNOWLEDG EMENTS
This	 research	 was	 funded	 by	 the	 Natural	 Environment	 Research	
Council	 (NERC)	 and	 the	 Biotechnology	 and	 Biological	 Sciences	
Research	 Council	 (BBSRC)	 under	 research	 programme	 NE/










analysis	and	analysed	 the	data.	H.M.	 led	 the	writing	of	 the	manu-
script.	All	authors	contributed	critically	to	the	drafts	and	gave	final	
approval	for	publication.
DATA ACCE SSIBILIT Y
FSE	 data	 for	 Spring	 OSR,	 winter	 OSR,	 beet	 and	 maize	 are	 avail-
able	 via	 the	 Environmental	 Information	 Data	 Centre.	 https	://doi.
org/10.5285/0023b	d6e‐4dd7‐462c‐aacf‐f1308	3b054ab	(Scott	et	al.,	
2012).	 https	://doi.org/10.5285/37a50	3da‐d75c‐4d72‐8e8b‐b11c2 
	fdc7d92	 (Scott	 et	 al.,	 2012).	 https	://doi.org/10.5285/86cd1	a60‐
64f1‐4087‐a9f1‐a3d8a	9f8f535	 (Scott	 et	 al.,	 2012).	 https	://doi.
org/10.5285/ca675	2ed‐3a22‐4790‐a86d‐afada	edda082	 (Scott	 et	
al.,	2012).	Countryside	Survey	data	are	available	via	the	Environmental	
Information	 Data	 Centre	 https	://doi.org/10.5285/57f97	915‐8ff1‐
473b‐8c77‐2564c	bd747bc	(Bunce	et	al.,	2014).
ORCID
Helen Metcalfe  https://orcid.org/0000‐0002‐2862‐0266 
R E FE R E N C E S
Albrecht,	H.,	Cambecèdes,	J.,	Lang,	M.,	&	Wagner,	M.	(2016).	Management	
options	 for	 the	 conservation	 of	 rare	 arable	 plants	 in	 Europe.	
Botany Letters,	 163(4),	 389–415.	 https	://doi.org/10.1080/23818	
107.2016.1237886
Alignier,	 A.,	 Petit,	 S.,	 &	 Bohan,	 D.	 A.	 (2017).	 Relative	 effects	 of	 local	
management	 and	 landscape	heterogeneity	on	weed	 richness,	 den-
sity,	biomass	and	seed	rain	at	the	country‐wide	level,	Great	Britain.	
Agriculture, Ecosystems & Environment,	 246,	 12–20.	 https	://doi.
org/10.1016/j.agee.2017.05.025
Benvenuti,	S.	 (2007).	Weed	seed	movement	and	dispersal	strategies	in	



















and	beetles	are	stable	at	a	national	scale.	Journal of Animal Ecology,	1,	
4–13.	https	://doi.org/10.1111/j.1365‐2656.2011.01897.x












Carey,	 P.	D.,	Wallis,	 S.,	Chamberlain,	 P.	M.,	Cooper,	A.,	 Emmett,	B.	A.,	
Maskell,	L.	C.,	…Ullyett,	J.	M.	(2008)Countryside	Survey:	UK	Results	
from	 2007.	 NERC/Centre	 for	 Ecology	 &	Hydrology,	 105	 pp.	 (CEH	
Project	Number:	C03259).
Champion,	G.	T.,	May,	M.	J.,	Bennett,	S.,	Brooks,	D.	R.,	Clark,	S.	J.,	Daniels,	
R.	 E.,	 …	 Thomas,	M.	 R.	 (2003).	 Crop	 management	 and	 agronomic	
context	of	the	Farm	Scale	Evaluations	of	genetically	modified	herbi-
cide–tolerant	crops.	Philosophical Transactions of the Royal Society B: 
Biological Sciences,	358(1439),	1801–1818.	https	://doi.org/10.1098/
rstb.2003.1405
Chytrý,	 M.,	 Tichý,	 L.,	 Holt,	 J.,	 &	 Botta‐Dukát,	 Z.	 (2002).	
Determination	 of	 diagnostic	 species	 with	 statistical	 fidelity	 mea-
sures.	 Journal of Vegetation Science,	 13(1),	 79–90.	 https	://doi.
org/10.1111/j.1654‐1103.2002.tb020	25.x
De	Vries,	 F.	 T.,	Manning,	P.,	 Tallowin,	 J.	R.	B.,	Mortimer,	 S.	R.,	 Pilgrim,	
E.	 S.,	 Harrison,	 K.	 A.,	 …	 Bardgett,	 R.	 D.	 (2012).	 Abiotic	 drivers	
and	 plant	 traits	 explain	 landscape‐scale	 patterns	 in	 soil	 micro-
bial	 communities.	 Ecology Letters,	 15(11),	 1230–1239.	 https	://doi.
org/10.1111/j.1461‐0248.2012.01844.x
Eraud,	C.,	Cadet,	E.,	Powolny,	T.,	Gaba,	S.,	Bretagnolle,	F.,	&	Bretagnolle,	
V.	 (2015).	 Weed	 seeds,	 not	 grain,	 contribute	 to	 the	 diet	 of	 win-
tering	 skylarks	 in	 arable	 farmlands	 of	 Western	 France.	 European 
Journal of Wildlife Research,	61(1),	 151–161.	 https	://doi.org/10.1007/
s10344‐014‐0888‐y
Firbank,	 L.	 G.,	 Heard,	 M.	 S.,	 Woiwod,	 I.	 P.,	 Hawes,	 C.,	 Haughton,	 A.	
J.,	 Champion,	 G.	 T.,	 …	 Perry,	 J.	 N.	 (2003).	 An	 introduction	 to	 the	
Farm‐Scale	 Evaluations	 of	 genetically	 modified	 herbicide‐tol-






Joys,	A.	C.,	…	Firbank,	L.	G.	 (2005).	Benefits	of	organic	 farming	 to	
14  |    Journal of Applied Ecology METCALFE ET AL.




neity.	Agriculture, Ecosystems & Environment,	138(3–4),	318–323.
Gaba,	S.,	Collas,	C.,	Powolny,	T.,	Bretagnolle,	F.,	&	Bretagnolle,	V.	(2014).	
Skylarks	trade	size	and	energy	content	 in	weed	seeds	to	maximize	











Gabriel,	 D.,	 Thies,	 C.,	 &	 Tscharntke,	 T.	 (2005).	 Local	 diversity	 of	 ar-
able	 weeds	 increases	 with	 landscape	 complexity.	 Perspectives in 




Grime,	 J.	P.,	Hodgson,	 J.	G.,	&	Hunt,	R.	 (2014).	Comparative plant ecol‐
ogy: A functional approach to common British species	(2nd	ed).	Berlin:	
Springer.
Heard,	 M.	 S.,	 Hawes,	 C.,	 Champion,	 G.	 T.,	 Clark,	 S.	 J.,	 Firbank,	 L.	 G.,	
Haughton,	 A.	 J.,	 …	 Skellern,	 M.	 P.	 (2003).	 Weeds	 in	 fields	 with	
contrasting	 conventional	 and	 genetically	 modified	 herbicide–tol-
erant	 crops.	 I.	 Effects	 on	 abundance	 and	 diversity.	 Philosophical 
Transactions of the Royal Society B: Biological Sciences,	 358(1439),	
1819–1832.
Henderson,	 I.	 G.,	 Holland,	 J.	 M.,	 Storkey,	 J.,	 Lutman,	 P.,	 Orson,	 J.,	 &	
Simper,	J.	(2012).	Effects	of	the	proportion	and	spatial	arrangement	
of	un‐cropped	land	on	breeding	bird	abundance	in	arable	rotations.	











Proceedings of the National Academy of Sciences of the United States of 
America,	95(1),	207–212.	https	://doi.org/10.1073/pnas.95.1.207
Le	Coeur,	D.,	Baudry,	 J.,	Burel,	 F.,	&	Thenail,	C.	 (2002).	Why	and	how	
we	should	study	field	boundary	biodiversity	in	an	agrarian	landscape	
context.	Agriculture, Ecosystems & Environment,	89(1–2),	23–40.	https	
://doi.org/10.1016/S0167‐8809(01)00316‐4
Marshall,	E.	J.	P.	(1989).	Distribution	patterns	of	plants	associated	with	
arable	 field	 edges.	 Journal of Applied Ecology,	 247–257.	 https	://doi.
org/10.2307/2403665
Marshall,	 E.	 J.	 P.	 (2009).	 The	 impact	 of	 landscape	 structure	 and	 sown	
grass	 margin	 strips	 on	 weed	 assemblages	 in	 arable	 crops	 and	






Marshall,	 E.	 J.	 P.,	 &	Moonen,	 A.	 C.	 (2002).	 Field	 margins	 in	 northern	
Europe:	Their	functions	and	interactions	with	agriculture.	Agriculture, 















Pakeman,	 R.	 J.	 (2004).	 Consistency	 of	 plant	 species	 and	 trait	 re-
sponses	 to	 grazing	 along	 a	 productivity	 gradient:	 A	 multi‐
site	 analysis.	 Journal of Ecology,	 92(5),	 893–905.	 https	://doi.
org/10.1111/j.0022‐0477.2004.00928.x
Poggio,	S.	L.,	Chaneton,	E.	J.,	&	Ghersa,	C.	M.	 (2010).	Landscape	com-





and	conventional	farming.	Journal of Applied Ecology,	42(5),	873–882.	
https	://doi.org/10.1111/j.1365‐2664.2005.01072.x
Schall,	 R.	 (1991).	 Estimation	 in	 generalized	 linear	models	with	 random	






Shmida,	 A.	 V.	 I.,	 &	 Wilson,	 M.	 V.	 (1985).	 Biological	 determinants	 of	
species	 diversity.	 Journal of Biogeography,	 12,	 1–20.	 https	://doi.
org/10.2307/2845026
Storkey,	 J.,	 Brooks,	 D.,	 Haughton,	 A.,	 Hawes,	 C.,	 Smith,	 B.	 M.,	 &	
Holland,	 J.	M.	 (2013).	Using	 functional	 traits	 to	quantify	 the	value	
of	 plant	 communities	 to	 invertebrate	 ecosystem	 service	 providers	
in	 arable	 landscapes.	 Journal of Ecology,	101(1),	 38–46.	 https	://doi.
org/10.1111/1365‐2745.12020	
Storkey,	J.,	Moss,	S.	R.,	&	Cussans,	J.	W.	(2010).	Using	assembly	theory	
to	 explain	 changes	 in	 a	 weed	 flora	 in	 response	 to	 agricultural	 in-
tensification.	Weed Science,	 58(1),	 39–46.	 https	://doi.org/10.1614/
WS‐09‐096.1
Storkey,	 J.,	&	Westbury,	D.	B.	 (2007).	Managing	arable	weeds	 for	bio-













value	of	 arable	headlands.	Biodiversity and Conservation,	26(1),	85–
102.	https	://doi.org/10.1007/s10531‐016‐1225‐4
     |  15Journal of Applied EcologyMETCALFE ET AL.
Weaver,	 S.,	 Downs,	 M.,	 &	 Thomas,	 A.	 G.	 (2005).	 Weed	 fecundity	 in	
relation	 to	 distance	 from	 the	 crop	 edge.	 Field	 Boundary	Habitats:	
Implications	 for	Weed,	 Insect	 and	 Disease	Management.	 Topics in 
Canadian Weed Science,	1,	171–183.
Wilson,	P.	J.,	&	Aebischer,	N.	J.	(1995).	The	distribution	of	dicotyledonous	
arable	weeds	 in	relation	to	distance	from	the	field	edge.	Journal of 
Applied Ecology,	32,	295–310.	https	://doi.org/10.2307/2405097
SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.
How to cite this article:	Metcalfe	H,	Hassall	KL,	Boinot	S,	
Storkey	J.	The	contribution	of	spatial	mass	effects	to	plant	
diversity	in	arable	fields.	J Appl Ecol. 2019;00:1–15. https	://
doi.org/10.1111/1365‐2664.13414	
